Background-We report on 4 patients (aged 57 to 77 years; 3 men) who developed drug-refractory, repetitive ventricular tachyarrhythmias after acute myocardial infarction (MI). All episodes of ventricular arrhythmias were triggered by monomorphic ventricular premature beats (VPBs) with a right bundle-branch block morphology (RBBB 
A persistent electrical storm after acute myocardial infarction (MI) is rare but very serious if it occurs. 1 Recommendations for antiarrhythmic drug therapy include class I antiarrhythmic drugs (eg, lidocaine, procainamid 2 ), amiodarone, 3, 4 and sympathetic blockade. 1 Class I antiarrhythmic drugs often fail to maintain sinus rhythm. 1 Amiodarone is effective, but sufficient rhythm control may take a few days. 4 -6 Even with sympathetic blockade, overall mortality remains high. 1 We report on 4 patients in whom drug-refractory, life-threatening, repetitive ventricular tachyarrhythmias after MI could only be managed by radiofrequency (RF) ablation of the triggering ventricular premature beats (VPBs). 4, 6 
Methods

Patients
During the past 3 years, 4 patients (aged 57 to 77 years; 3 men) were referred to our clinic with acute MI (2 anterior, 2 inferior), impaired left ventricular (LV) function, and persistent, drug-refractory electrical storm (Table) . (As of this report, we have managed 2340 patients with acute MI. The 4 patients described were the only ones with persistent electrical storm despite therapy with amiodarone and ␤-blocker.) Maximum creatine kinase was 471 to 1615 U/L. All patients were successfully revascularized by PTCA or bypass operation within 5 hours to 4 days after initial symptoms (Table) .
Patients 1 and 2 did not have any conduction abnormalities during sinus rhythm, whereas patient 3 had intermittent sinus arrest, AV block I, and left anterior hemiblock (QRS duration 120 ms). Patient 4 had a right bundle-branch block (RBBB; QRS duration 120 ms).
Despite revascularization, all patients developed life-threatening repetitive episodes of ventricular fibrillation (VF) and rapid ventricular tachycardia (VT) triggered by frequent monomorphic VPBs with RBBB morphology. VPBs had a superior axis in patients 1 and 3, who had inferior MIs, and an inferior axis in patient 2, who had an anterior MI (Figure 1 ). Patient 4, with an anterior MI and a stenosis of the right coronary artery, had VPBs with both inferior and superior axes. VPBs had a QRS duration between 120 and 160 ms with discrete beat-to-beat variations in morphology and duration in each patient (Figures 2 through 5 ). VPBs were coupled to the preceding sinus or atrial paced beat by 270 to 400 ms. Coupling increased after initiation of antiarrhythmic drug therapy, especially in patient 3.
In patient 1, the VPBs triggered frequent nonsustained polymorphic VTs and 19 episodes of VF starting at day 7 after MI and emergency bypass operation. Patient 2 had repetitive nonsustained polymorphic VTs 3 days after acute MI and 1 day after PTCA of the left anterior descending artery and was defibrillated 72 times for VF during a 24-hour period (Figure 2 ). Patient 3 developed repetitive nonsustained polymorphic VTs and was resuscitated for prolonged phases of incessant VF beginning the first day of symptoms. He continued to have repetitive episodes of VF beyond the day of coronary intervention. After initiation of amiodarone therapy, the VPBs initiated fast monomorphic VTs (cycle length 220 to 250 ms; Figure 2 ). Patient 4 began to have recurrent episodes of VF on day 5 after MI and had to be defibrillated 60 times during the following days.
Intravenous amiodarone (600-mg bolus, 1.4 g/24 hours) and lidocaine (150-mg bolus, 4 mg/min) were ineffective in all patients; ␤-blocker therapy (metoprolol 10-mg IV bolus and continuous infusion at 1 mg/h) was ineffective to suppress VPBs and ventricular tachyarrhythmias in patients 2, 3, and 4. Patient 1 was undergoing oral ␤-blocker therapy when episodes of VF occurred. Overdrive pacing at a cycle length of 500 ms suppressed VPBs and VF temporarily in patients 2 through 4. When the pacing rate was reduced, VPBs recurred immediately. Suppression of VPBs by pacing allowed for acute stabilization and transportation of the patients to the electrophysiological laboratory. Adenosine temporarily suppressed VPBs in patient 1 for a few seconds.
All patients were sedated with midazolam and fentanyl and were mechanically ventilated. Patients 2 through 4 required catecholamine *Coupling of the VPB was shorter early after MI. After initiation of antiarrhythmic drug therapy, coupling became prolonged.
Patient Characteristics and Results
Patient
infusion (norepinephrine, in a blood pressure-adjusted dose) for hemodynamic support. All patients underwent angiography again to exclude reocclusion of a coronary artery. When reocclusion of a coronary artery as a cause of recurrent episodes of VF was excluded and the lifethreatening condition remained in all patients despite antiarrhythmic drug therapy, all patients were transferred to the electrophysiological laboratory to attempt catheter ablation of the VPBs triggering the ventricular tachyarrhythmias.
During transportation to the electrophysiological laboratory, patient 4 had a generalized seizure for the first time and received phenytoin at a dose of 20 mg · kg Ϫ1 · min Ϫ1 up to a cumulative dose of 800 mg, which also suppressed the VPBs.
Methods
Multipolar catheters were positioned from the femoral veins into the right atrium and at the His bundle. Left ventricular mapping was performed with a 7F, 4-mm-tip electrode (Biosense-Webster Inc) via a retrograde transaortic approach in patients 1, 2, and 4. The approach was both retrograde and transseptal in patient 3 
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Catheter Ablation of VF After MIbecause of significant kinking of the aorta. Bipolar electrograms were recorded at a filter setting of 30 to 400 Hz. Pace mapping was attempted to identify the origin of the VPBs in the LV in all patients ( Figure 6 ). In addition, earliest endocardial activation of VPBs was used as a target for RF ablation in patients 1, 2, and 3. RF current was applied for a maximum of 120 seconds, with temperature limited to 55°C and maximum power limited to 50 W.
Results
Mapping of clinical VPBs demonstrated earliest activation in the anteromedial LV in patient 2 and the inferomedial LV in patients 1 and 3 at the anatomical border of the MI. At these sites, short, high-frequency, low-amplitude potentials preceded each extrasystole by a maximum of 126 to 160 ms (Figures 3 through 5 ; Table) . Activation times between these potentials and the VPBs varied from beat to beat (Figures 3  through 5) . In patient 3, concealed conduction was observed, ie, local potentials were not followed by myocardial activation ( Figure 5 ).
During sinus rhythm and atrial pacing, Purkinje potentials were found at the origin of the VPBs that preceded onset of the QRS complex by 23 to 26 ms (Figure 3 ). During the electrophysiological study, patients 2 through 4 had 9 episodes, 6 episodes, and 1 episode of triggered VF or VT, respectively. Before initiation of VF and VT, local potentials preceded ventricular activation for the first few tachycardia beats (Figure 4 ). Then the local potential followed ventricular activation in a random order. The QRS morphology during the first few tachycardia beats also resembled the initial beat ( Figure 4) .
Pace mapping at sites with a QRS morphology similar to the VPBs showed a stimulus-to-ventricular activation interval between 0 and 50 ms. A high pacing output was necessary to capture local myocardium ( Figure 6 ). The stimulus-to-QRS time was shorter than the local potential-to-QRS time, which indicates that separate capture of the local potential was not possible. In patient 4, no spontaneous VPB occurred except for 1 VPB that initiated 1 episode of VF, although 5000 VPBs were documented during a 24-hour Holter ECG before the ablation procedure. This was possibly due to the high dose of phenytoin the patient received for a seizure just before the electrophysiological study. Therefore, only pace mapping was attempted and compared with previously documented 12-lead ECGs of the VPBs. Areas with a QRS morphology similar to the VPBs and local Purkinje potentials during sinus rhythm were identified and used as a target for RF ablation.
In patients 1, 2, and 3, 6 to 21 RF applications at the sites of earliest activation and identical pace maps were needed to suppress the VPBs. In patient 4, Purkinje potentials in areas with a pace map similar to previously documented 12-lead ECGs were ablated with 10 RF applications in the anteromedial LV and 20 RF applications in the inferomedial LV. No First beat is atrial paced beat with Purkinje potential that precedes ventricular activation. Second beat is VPB that is preceded by sharp, high-frequency potential. Third beat is probably fusion beat, fourth again is VPB followed by atrial paced beat. Subsequent VPBs induce VF. Initially, Purkinje potentials appear to drive the ventricle, inducing VT, which finally degenerates into VF. Note changes in activation time and morphology. *Purkinje potentials during sinus rhythm, before premature beats, and during VF initiation. Map dis indicates distal mapping catheter.
conduction abnormalities were noted at the end of the ablation procedures in any patient.
Follow-Up
After the ablation procedure, all patients were brought back to the intensive care unit. Antiarrhythmic drugs were withdrawn in patients 1, 2, and 4; patient 3 continued to receive amiodarone (200 mg/d) for intermittent atrial fibrillation. All patients continued to receive ␤-blockers (metoprolol 100 to 200 mg/d). Patients 1, 2, and 4 received implantable defibrillators because of impaired LV function. Patient 3 did not receive a defibrillator owing to extensive comorbidity. All patients have survived free of any ventricular tachyarrhythmia for 33, 14, 6, and 5 months, respectively.
Discussion
We report on 4 patients with incessant VF and VT triggered by monomorphic VPBs after MI, which could not be controlled despite successful reperfusion, intravenous amiodarone, and ␤-blocker therapy. In all patients, electrical instability persisted for as long as 2 to 11 days until catheter ablation was attempted. Although ventricular R-on-T ectopies are well known to initiate VF after MI, 7 we could demonstrate for the first time that RF ablation of the VPBs can prevent VF and VT recurrence in these patients, similar to patients with no apparent heart disease. 8, 9 During activation mapping, local sharp, high-frequency, lowamplitude potentials preceded each ventricular extrasystole by a maximum of 126 to 160 ms. Activation times varied between different VPBs, but these potentials were always found in a defined region close to the anatomic border of the infarction. At the same place, a Purkinje potential was observed during sinus rhythm, preceding the QRS complex by 23 to 26 ms. Similarly, the initial beats of VTs in animal models of acute ischemia were recorded from Purkinje fibers situated close to the ischemic border zone of the infarction. 10, 11 Although gross ischemia due to reocclusion of a main coronary artery was excluded, time to reperfusion had been prolonged in all 4 patients, and regional ischemia may have persisted. Purkinje fibers are more resistant to ischemia than myocardial cells, 12, 13 and endocardial Purkinje fibers may be nourished from cavity blood. 14 This may be sufficient to keep them structurally intact even though function may be impaired, giving rise to afterdepolarization and triggered activity. In contrast to the patients in the present study, activation time between Purkinje fibers and ventricular muscle has been reported to be much shorter in patients without structural heart disease during sinus rhythm (11Ϯ5 ms) and premature beats (38Ϯ28 ms). 8 This may be related to a conduction delay between Purkinje fibers and myocardial tissue 15, 16 or may be because myocardial cells close to the Purkinje fibers may be the origin of the VPBs. This may also account for the changes in morphology and width of the VPBs, which were wider than expected for VPBs originating from Purkinje fibers in normal hearts.
Overdrive pacing at a rate of Ϸ120 bpm suppressed VPBs and VF only for the time of pacing in 3 patients. When the pacing rate was reduced, VPBs recurred immediately. Adenosine suppressed VPBs in 1 patient for a few seconds, high-dose phenytoin for a few hours. These findings favor triggered activity as the underlying mechanism of the VPBs 14, 17, 18 and are in accordance with the recording of afterdepolarizations of Purkinje fibers demonstrated in animal models of acute ischemia. 14,19 -22 Microreentry in small parts of the Purkinje network as the underlying mechanism of the VPBs, as has been suggested by Janse and Kleber, 23 cannot be excluded, because detailed mapping and entrainment studies were impossible in those fast and unstable VTs. At least the first tachycardia beats appeared to be triggered by local potentials, whereas later, local fibers were bystanders or were passively activated (Figure 4) .
The most important clinical finding was that similar to patients without structural heart disease, catheter ablation of the VPBs could cure an electrical storm and prevent the recurrence of any sustained ventricular tachyarrhythmias even in patients after acute MI. 1 A considerable number of RF applications (nϭ6 to 30) were necessary to abolish local Purkinje potentials and suppress VPBs, which suggests that the triggering fibers covered an extensive area at the border zone of the infarction and may have various connections to the surrounding tissue.
No episode of ventricular tachyarrhythmia has recurred in any of the patients to date, which is striking given the high number of episodes of VTs. This finding, however, is in line with the benign course of patients once they have survived the electrical storm. 1 This may indicate that in these patients, the triggering fibers finally die because of ischemia or regain normal function. Because antiarrhythmic drug therapy with amiodarone and sympathetic blockade leaves some patients unstable, or the time to stabilization may be prolonged, especially with amiodarone, 1, 6 catheter ablation of the triggering VPBs should be used as a bailout therapy in patients with an electrical storm after MI.
Conclusions
Incessant ventricular tachyarrhythmias after MI may be triggered by VPBs. RF ablation of the triggering VPBs is feasible and can prevent drug-resistant electrical storm even in patients after acute MI. Therefore, catheter ablation of the triggering VPBs may be used as a bailout therapy in these patients.
